The genetic basis of rotavirus host range restriction (host species specificity) is unknown but the NSP1 (fifth) gene has been implicated in some studies. We studied the replication kinetics in vivo of a NSP1 gene monoreassortant, E11, to assess the influence of a heterologous NSP1 gene on the ability to replicate in pigs. The monoreassortant possessed 10 genes from the porcine parent rotavirus SW20/21, which replicated productively in pigs, and the NSP1 gene from the bovine rotavirus UK which produced an abortive infection in pigs. Groups of up to four pigs were inoculated orally with 10 5 to 10 6 TCID 50 of the monoreassortant, the porcine parent rotavirus, or the bovine parent rotavirus or were sham inoculated. The monoreassortant replicated productively in pigs with replication kinetics almost identical to the porcine parent rotavirus. During a 9-day observation period after inoculation, the number of days with virus in the faeces, the onset and duration of virus excretion, and peak titres in faeces were similar for the monoreassortant and the parent porcine rotavirus. The genetic composition of the viruses excreted in the faeces was confirmed as that of the inocula by PAGE. Thus possession of a heterologous NSP1 gene from a bovine rotavirus which failed to replicate in pigs did not produce an abortive infection or affect the replication kinetics in vivo. The genetic basis of host range restriction between porcine and bovine rotaviruses remains to be established.
INTRODUCTION
Rotaviruses, which are a major cause of enteric disease in calves, pigs, and man, exist in most animal species. They are commonly referred to by their species of origin although some infect heterologous species and may cause disease in them (reviewed by Theil, 1990) . Gene reassortment occurs in rotaviruses but the genetic pool to which a particular animal species is susceptible is not established. The gene or genes which confer host range restriction (host species specificity) are unknown but the NSP1 (fifth) gene was implicated in one study in mice using reassortant rotaviruses (Broome et al., 1993) but not in a subsequent study in pigs (Hoshino et al., 1995) .
Great heterogeneity has been observed in the nucleotide sequence of the rotavirus NSP1 gene between rotaviruses of different animal origin (Mitchell and Both, 1990; Hua et al., 1993; Dunn et al., 1994; Xu et al., 1994; Kojima et al., 1996) . Many studies have grouped the gene by host origin, endorsing the suggestion that the NSP1 gene could determine host range restriction. However, with the study of more viruses, interspecies relationships have been observed (Dunn et al., 1994; Kojima et al., 1996) and Xu et al. (1994) concluded that sequence conservation could not be correlated with species of origin. Nonrandom segregation of this gene has been noted in reassortant studies in vivo (Gombold and Ramig, 1986 ) and the type of host cell influenced the frequency of reassortants with a human NSP1 gene (Graham et al., 1987) . The NSP1 protein binds zinc and virus-specific RNAs (Brottier et al., 1992; Hua et al., 1994) but its full cellular function has not been elucidated. Rotaviruses with substantial deletions in their NSP1 genes still replicated in vitro but these variants displayed smaller plaque sizes than the wild-type and some produced 9-to 60-fold lower titres in cell culture (Tian et al., 1993; Taniguchi et al., 1996) .
In our in vivo studies of rotaviruses of different virulence (Bridger and Pocock, 1986; Bridger and Oldham, 1987; Bridger et al., 1992) , differences in the rate of replication and virus spread in the small intestine were observed (Hall et al., 1993) . The genetic basis for these differences is unknown. During our current studies on the genetic basis of rotavirus virulence, we produced a monoreassortant which possessed 10 genes from a porcine rotavirus SW20/21, which replicated productively in pigs, and the NSP1 gene from the bovine rotavirus UK which produced an abortive infection in pigs (Bridger and Brown, 1984) . We felt that it was worthwhile to investigate the influence of the heterologous bovine NSP1 gene on replication in vivo in view of the conflicting results from the two reassortant studies so far (Broome et al., 1993; Hoshino et al., 1995) , the established heterogeneity in this gene between rotaviruses from different animal species (Mitchell and Both, 1990; Hua et al., 1993; Dunn et al., 1994; Kojima et al., 1996) , and the observation that rotavirus variants with truncated NSP1 proteins show reduced ability to replicate in vitro (Tian et al., 1993; Taniguchi et al., 1996) .
RESULTS

Production of reassortants
Polyacrylamide gel electrophoresis (PAGE) of harvests from tube cultures inoculated with virus from 343 positive microtitre wells revealed at least 84 (24.5%) reassortant viruses. In 65, the majority of the gene segments were from the porcine parent SW20/21. Thirty-eight had only one readily identifiable segment from the bovine parent UK and were potential monoreassortants. Six of these 38 possessed the UK gene segment 5 (NSP1 gene) and these were subjected to more detailed PAGE analysis using longer gel running times and coelectrophoresis with either parent virus (see below). Promising gene 5 monoreassortants were cloned and their exact genome profile characterized.
Characterisation of the reassortant E11
The cloned reassortant E11 was shown to possess 10 gene segments from the porcine parent rotavirus SW20/21 and one, gene segment 5, from the bovine parent UK. Gene segment 5 of E11 was shown to originate from the bovine parent UK by electrophoresis in separate lanes and coelectrophoresis (Fig. 1) . In contrast gene segments 2, 4, 9, and 10 were assigned as originating from the porcine virus by comparison of migration of the SW20/21, UK, and E11 viruses in separate lanes (Fig. 1, lanes A, C, E , and G). These assignments were confirmed by coelectrophoresis of E11 with each of the parent viruses. Extra bands were seen when coelectrophoresis was with the bovine parent UK (Fig. 1, lane D) but single bands were observed when coelectrophoresis was with the porcine parent virus SW20/21 (Fig. 1, lane  B) . Coelectrophoresis demonstrated that gene segments 6, 7, and 11 of E11 originated from SW20/21 (Fig. 1 , lanes B and D); extra bands were seen when E11 was coelectrophoresed with UK but not with SW20/21. Coelectrophoresis for 26 h on 12.5% gels aided assignment of gene segments 1 and 3 as originating from the porcine virus; double bands were seen with the UK virus but not with the SW20/21 virus (Fig. 2, lanes B and D) .
Gene segment 8, which codes for VP7 in the UK virus (McCrae and McCorquodale, 1982) , was the most difficult to resolve. However, the triplet of E11 migrated as three distinct bands with an identical pattern to SW20/21 and no extra bands were detected on coelectrophoresis with SW20/21 (Fig. 1, lanes A±C) . The triplet of UK migrated as a single band between segments 7 and 8 of the SW20/21 and E11 viruses. Upon coelectrophoresis of E11 with UK, segment 8 of E11 was seen beneath the UK triplet either as a distinct band or as a shadow (not clear in Fig. 1 ). The lack of the UK gene segment 8 in E11 was confirmed by immunostaining on infected cell monolayers with a monoclonal antibody to VP7 of the UK virus. The monoclonal antibody stained monolayers infected with the UK virus but failed to stain monolayers which were shown to be infected with either E11 or SW20/21 by staining with a monoclonal antibody to VP6.
Piglet inoculation
Previous studies showed that the porcine rotavirus SW20/21 replicated productively in experimental pigs whereas the bovine rotavirus UK did not (Bridger and Brown, 1984) . All four piglets inoculated with the monoreassortant E11 (which possessed 10 genes segments from the porcine parent and the fifth NSP1 gene from the bovine parent) showed almost identical rotavirus excretion profiles by ELISA to piglets inoculated with the porcine parent rotavirus SW20/21 and dissimilar excretion profiles to pigs inoculated with the bovine parent UK (Table 1) . Piglets inoculated with the porcine parent virus or the monoreassortant excreted virus for an average of 4.25 days and mean peak titres in the faeces were similar. The mean time of onset of virus excretion after inoculation was 1.75 days for pigs inoculated with SW20/21 and 1.5 days for pigs inoculated with E11. As expected from the previous study (Bridger and Brown, 1984) rotavirus was not detected in the faeces of the two piglets inoculated with the bovine rotavirus parent UK during a 9-day period after inoculation. Rotavirus was just detectable by ELISA in the faeces of one pig on day 10, however, and this was confirmed to be the UK virus by PAGE. The genome profiles of the rotaviruses excreted by all the piglets inoculated with either the monoreassortant E11 or the SW20/21 parent matched those of the inocula (Fig. 3) . The presence or absence of rotavirus was confirmed by infectivity assays on selected faecal samples. Titres of between 10 6 to 10 7 ffu per gram of faeces were detected in pigs inoculated with E11 and SW20/21 but virus was not detected in pigs inoculated with UK.
None of the piglets developed clinical signs severe enough to be considered as diarrhoea and there were no differences in daily weight gain between the groups. All four piglets inoculated with SW20/21 had lighter coloured faeces for 1 to 3 days, however. Three of the four piglets inoculated with E11 had lighter faeces for 1 day. Faeces remained brown in piglets inoculated with the bovine parent UK virus and control sham-inoculated piglets.
DISCUSSION
The result of the present study was clear cut. Possession of a heterologous bovine NSP1 (fifth) gene from a rotavirus which failed to replicate productively in pigs did not produce an abortive infection in pigs and did not affect replication kinetics in vivo. Our findings contrast with those of Broome et al. (1993) who studied reassortants between a murine rotavirus and a simian rotavirus in the mouse. The simian rotavirus used did not replicate productively in the mouse and possession of the murine NSP1 gene, rather than a simian gene, was strongly associated with the ability to replicate in the mouse. However, a monoreassortant was not available and Broome et al. (1993) noted that the association was not absolute. Our findings are more in agreement with those of Hoshino et al. (1995) . A reassortant with a heterologous NSP1 gene from a human rotavirus which gave an abortive infection in pigs failed to produce an abortive infection in pigs. Our study extended these findings to a further pair of rotaviruses and showed, in addition, that, in all the animals inoculated, the onset and duration of virus shedding and the levels of virus excreted by the NSP1 monoreassortant were not affected by the NSP1 gene.
The degree of sequence heterology between the porcine SW20/21 and bovine UK NSP1 genes involved the present study is unknown but the two genes had different migration rates by PAGE. However, the sequence of the bovine UK NSP1 gene is known (Xu et al., 1994) and it has 59±60% similarity to the five porcine rotaviruses sequenced so far (Dunn et al., 1994; Xu et al., 1994; Kojima et al., 1996) . Perhaps differences in nucleotide similarities between the NSP1 genes used in the three reassortant studies to date (Broome et al., 1993; Hoshino et al., 1995 ; the present study) account for the different outcomes in vivo. As in the present study, the sequences of the NSP1 genes of the virus pairs used in the two previous reassortant studies cannot be compared exactly because the sequences have not been determined for one of the viruses in each study. However, the NSP1 genes of the murine and simian rotaviruses which have been compared have the lowest level of overall similarity (43±51%) of the three pairs of rotaviruses used in the three reassortant studies (Dunn et al., 1994; Xu et al., 1994; Kojima et al., 1996) perhaps accounting for the different outcome observed by Broome et al. (1993) . The NSP1 genes of the viruses used in the study by Hoshino et al. (1995) had the highest potential sequence similarity of the three pairs of rotaviruses. The human DS-1 rotavirus and the five porcine rotaviruses which have been sequenced had 67±70% similarity (Dunn et al., 1994; Xu et al., 1994; Kojima et al., 1996) . The close relationship of the NSP1 genes of human and porcine rotaviruses was highlighted further by Dunn et al. (1994) who grouped them together.
In conclusion, our current study in pigs did not support the hypothesis that the NSP1 gene influences replication in vivo and determines host range restriction between bovine and porcine rotaviruses. It is possible that the two NSP1 genes used in this study were of sufficient similarity, in areas which may influence host range restriction, to allow replication. The full function of this gene remains elusive and future studies may shed more light on the role of the NSP1 gene in vivo if reassortants were made from parents with close and distant relationships in their NSP1 genes or if the replication of rotaviruses with truncated NSP1 genes could be examined in vivo.
MATERIALS AND METHODS
Production of reassortants
The cloned porcine rotavirus SW20/21 (Bridger and Brown, 1984) and the cloned bovine rotavirus UK (Bridger and Woode, 1975) were used to produce reassortants. Confluent MA104 cells were inoculated with a mixture of the two viruses at a m.o.i. of 3 for each virus and harvested after overnight incubation when CPE was widespread. The harvest was treated with a 1:1000 final dilution of a monoclonal antibody to VP7 of the bovine rotavirus UK (kindly supplied by Dr. D. Snodgrass, The Moredun Institute, Edinburgh). The treated harvest was diluted in half-log dilution series and 100-l volumes of each dilution were inoculated into the 96-well microtitre plates containing confluent MA104 cells maintained with Eagle's maintenance medium containing 0.5 g/ml trypsin (Sigma type IX). Cytopathic effects were allowed to develop for 7±10 days when supernatant fluids from each well were carefully aspirated to a replicate plate without cells. Positive wells were identified by immunoperoxidase staining of monolayers as described below. Supernatant fluids from positive wells were inoculated into stationary tube cultures of MA104 cells and harvested by three rounds of freezing and thawing when CPE had developed. Genome profiles of the viruses in the tube cultures were assessed by PAGE and promising NSP1 monoreassortants were cloned by two further rounds of terminal dilution as described above. Genome profiles of cloned reassortants were determined using coelectrophoresis and extended gel running times.
Rotavirus infectivity assay
Confluent monolayers of MA104 cells in 96-well plates were inoculated with duplicate 10-fold serial dilutions, in Eagle's maintenance medium without trypsin, and incubated overnight at 37°C. Monolayers were fixed in 80% acetone and stained using a polyclonal bovine hyperimmune serum to the cloned bovine rotavirus UK and a peroxidase-conjugated rabbit anti-bovine immunoglobulin (Sigma Chemical Company). Colour was developed with 3,3-diaminobenzidene tetrahydrochloride (Kem-EnTec, Copenhagen) and the number of focus forming cells (ffu) was counted at appropriate dilutions.
Immunostaining with monoclonal antibodies
Confluent monolayers of MA104 cells in 96-well plates were inoculated with appropriate dilutions of the two parent viruses or the monoreassortant E11. After overnight incubation and acetone fixation, monolayers were stained with a monoclonal antibody to rotavirus VP6, to assess infectivity and immunostaining, or a monoclonal antibody to VP7 of the bovine rotavirus UK (kindly supplied by Dr. D. Snodgrass, Moredun Institute Edinburgh) followed by peroxidase-conjugated rabbit anti-mouse immunoglobulins (Dako A/S). Colour was developed as above.
Genome profile analysis by PAGE Viral RNA was extracted from 450-l volumes of cell culture fluid or 1:10 dilutions of faeces by treatment with 50 g/ml proteinase K in the presence of 1% SDS at 37°C followed by one (cell culture) or two (faecal samples) phenol/chloroform extractions.
Genome profiles were determined on vertical 10% SDS gels, 16 cm in length and 0.5 mm thick, using the discontinuous buffer system of Laemmli (1970) and a 5% stacking gel. Gels were run at a constant current of 20 mA for approximately 16 h and silver stained. To resolve gene segments 1 and 3, 12.5% polyacrylamide gels were electrophoresed for approximately 26 h and bands 6 to 11 were allowed to migrate of the gels. Coelectrophoresis of the reassortant E11 and its parents was used to aid gene assignment.
Rotavirus antigen ELISA
Faecal samples were assayed in fourfold dilution series using 100-l volumes of 1:10 dilutions of faeces as described previously (Varshney et al., 1995) . Positive and negative controls were included on each plate. Endpoints were determined by regression analysis and titres were calculated at the dilution where the OD was three times that in negative control wells incubated with diluent. Titres were expressed as log 10 per gram of faeces.
Piglet inoculation
Gnotobiotic piglets were derived by hysterotomy and housed singly or in pairs in positive pressure isolators. They were reared on a milk-based diet and allocated randomly to the different treatment groups. They were inoculated at 5 or 6 days of age with one of the three viruses at doses between 3.1 ϫ 10 5 and 6.6 ϫ 10 6 ffu or sham-inoculated with 1.0 ml of Eagle's maintenance medium containing 0.5 g/ml trypsin. A sample of each inoculum was taken for infectivity assay on the day of inoculation before transfer into the isolators in sealed glass ampoules. Aliquots of the inocula were transferred from each isolator after piglet inoculation and assayed for infectious virus to confirm the inoculum dose given to each pig. The mean (range) weight of piglets on the day of inoculation (day 0) was 1.4 kg (0.9±1.8) for SW20/21, 1.3 kg (0.6±1.8) for E11, 1.7 kg (1.4±2.0) for UK, and 1.1 kg for the sham-inoculated pig.
Piglets were weighed daily before the first feed with the aid of a harness and spring balance. They were monitored for clinical signs of infection (diarrhoea, anorexia, dehydration, and change in demeanour) from 2 days before inoculation to 10 days after inoculation. Faecal samples were collected daily. Uninoculated piglets produced tan, brown, or dark green faeces. Diarrhoea was defined as the production of light-coloured faeces (cream to light yellow) often with curdled or floccular appearance and semisolid in consistency. Watery faeces was not interpreted as diarrhoea unless accompanied by a colour change. A diminished appetite was recorded when food was left at the time of the next feed.
